Introduction
Exercise testing in adult cardiac patients has mainly focused on ischaemic heart disease. The results of exercise testing with ECG monitoring are often helpful in diagnosing the presence of significant coronary artery disease. In children with heart disease, the type of pathology is different. Ischaemic heart disease is very rare. The majority of patients will present with congenital heart defects that will affect exercise capacity. In patients with congenital heart disease, exercise tests are frequently performed to measure exercise function or to assess abnormalities of cardiac rhythm. The risk of exercise testing is very low in the paediatric age group. 1 Findings from exercise testing show a reduced exercise capacity in many children with congenital heart disease and exercise responses differ between patients with different underlying heart defects. Results from exercise testing can provide insight into the clinical condition of the child and help decision making regarding patient management. However, exercise testing not only provides information about the heart, but also about the level of daily physical activity (PA). In general, PA has been found to be reduced in children with congenital heart disease, and below recommended guidelines. This has resulted in a shift in research attention from evaluating exercise responses of children with congenital heart disease towards investigating means to improve PA and exercise capacity for health.
Commonly used parameters to assess exercise performance and aerobic exercise function in children with cardiac disease
In exercise physiology, aerobic exercise performance is traditionally assessed by determination of the maximal oxygen uptake (  VO 2 max). This reflects the highest level of oxygen which does not further increase, despite an increase in exercise intensity. In paediatric exercise testing the  VO 2 max is frequently assessed by means of an incremental exercise test until voluntary exhaustion. However, although the measurement of  VO 2 max is useful, since it gives information about maximal exercise tolerance, the physiological definition of  VO 2 max is not always met in children. Only about 50% of children are able to reach such a plateau after repeated exercise tests. 2 Many children are not motivated to exercise to that point of exhaustion. 2 Therefore, other criteria should be used to confirm a maximal exercise effort such as i) a respiratory gas exchange ratio (   VCO/VO 2 ) > 1.10, ii) a peak heart rate (HR) which is close to 200 beats · min -1 and, iii) the subjective appearance of exhaustion. When one or more of these criteria are met, it is assumed that the peak  VO 2 is a maximal value. (Interested readers are referred to Chapter 12 for further discussion of peak  VO 2 and  VO 2 max during paediatric exercise testing). As shown in Figure 29 .1a, peak  VO 2 is often reduced in children with congenital heart disease.
Additionally, the evaluation of the HR max provides important information. Some patients with congenital heart disease present with chronotropic limitation or are unable to raise their HR as expected according to the increase in workload. 3 Because of that, the HR max cannot always be used as a criterion for evaluating the maximal character of an exercise test in congenital heart disease. 2 Figure 29 .1b shows average peak HR values for children with various congenital heart defects.
The oxygen pulse equals stroke volume (SV) times arteriovenous oxygen difference and is calculated by dividing  VO 2 by HR. In healthy subjects, the oxygen pulse continuously increases during submaximal exercise. Furthermore, the oxygen pulse has been used as a surrogate for SV during exercise and has been shown to correlate with SV during submaximal exercise. [4] [5] [6] [7] The response of the oxygen pulse to exercise in children can be assumed to be somewhat different from the response in adults, but also in children, this parameter has been proposed as an indirect measure of SV. 8 Due to the child's smaller heart and total blood volume, SV is lower both at rest and during exercise. 9 A child can compensate for this by a higher HR response to submaximal exercise in comparison with adults. Oxygen uptake is further increased by a higher increase in arterial-mixed venous oxygen difference during submaximal exercise in children compared to adults. When the oxygen pulse is used as an indicative parameter for the evaluation of SV during graded exercise, the arterial-mixed venous oxygen difference is considered to remain fairly constant. Therefore, in children with congenital heart defects, the course of the oxygen pulse during an incremental exercise test gives an idea of the changes in SV in response to the increased workload and can provide interesting information regarding the patients' actual clinical condition.
In healthy children and adults, the blood remains fully oxygenated, even during maximal exercise. However, in congenital heart disease, the evaluation of oxygen saturation during exercise can provide clinicians with important information. When patients desaturate, this happens in a steady, progressive manner with the lowest numbers observed in the first minute after the load is removed.
Because maximal exercise tests may have several drawbacks in the paediatric population, clinical investigators have tried to define exercise parameters that are independent from reaching maximal effort. In the past, heart rate response to exercise has frequently been used to assess cardiovascular exercise performance. 10, 11 However, in patients with congenital heart disease several drawbacks exist, as many patients may show a relative bradycardia during exercise, which is not associated with a high value for  VO 2 max, as should theoretically be expected. Therefore, the use of the HR response to exercise in the assessment of cardiovascular exercise performance can be misleading in patients with congenital heart disease, and cannot be considered to be a valid determinant of aerobic fitness. 12 A more sensitive assessment of aerobic exercise function can be obtained by analysis of gas exchange. Therefore, considerable attention has been focused on the determination of the ventilatory anaerobic threshold in children, which is a very useful and reproducible indicator of aerobic exercise function in the paediatric age group. 13, 14 This parameter reflects the highest exercise intensity at which a disproportionate increase in CO 2 elimination (  VCO 2 ) is found relative to  VO 2 . 14,15 (Interested readers are referred to Chapter 10 and Chapter 12 for more detailed discussions of anaerobic and ventilator thresholds).
More recently, newer concepts have been developed to assess dynamic changes of respiratory gas exchange during exercise in patients with congenital heart disease.
The study of the steepness of the slope of  VCO 2 versus  VO 2 above the ventilatory anaerobic threshold, has been found to be a very sensitive and reproducible index for the assessment of cardiovascular exercise function in patients with congenital heart disease. 15 Another objective and effort-independent parameter is the oxygen uptake efficiency slope (OUES), which was introduced as a measure of exercise capacity by Baba et al. 16 The OUES represents the slope of the semilog plot of minute ventilation (V . E) versus  VO 2 (see Figure 29. 2). Thus OUES provides an estimation of the efficiency of V . E with respect to  VO 2 , steeper slopes indicate a larger exercise capacity. The OUES has been shown to correlate highly with peak  VO 2 and to linearly increase with age during childhood and into adolescence. 17 Also the   V VCO E 2 / -slope is supposed to be independent of achieving maximal exertion. This measure represents the slope of the regression line between  V E and CO 2 production. It provides information regarding ventilatory efficiency during exercise. A high   V /VCO E 2 slope observed in patients with repaired, noncyanotic congenital heart disease can often indicate hypoperfusion due to an impaired cardiac output response to incremental exercise. 18 An inefficient ventilatory response to carbon dioxide will limit the exercise performance, as it indicates wasted ventilation. This ventilatory inefficiency has been related to worsening of the clinical condition of cardiac patients, as well as of mortality. 19, 20 The  VO 2 versus exercise intensity slope is a valid measurement of oxygen flow to the exercising tissues. Calculation of this slope can document limited oxygen flow to working muscles in congenital heart disease. As such a reduced slope of oxygen uptake versus exercise intensity constitutes another factor limiting exercise capacity as it reflects impaired oxygen delivery to the exercising tissues. 21 In order to be able to answer important questions concerning the normality of exercise responses in patients, the results can be compared with normal reference values. It is recommended that each laboratory carefully chooses the normal values to which they compare the exercise tolerance, because geographical differences may OUES, oxygen uptake efficiency slope.
influence the results of aerobic exercise performance. Reference values may also change over time and should be regularly updated and validated.
Cardiorespiratory response to exercise in specific congenital heart defects Left-to-right shunts
Atrial septal defect
Children with atrial septal defect (ASD) usually have a normal or near normal exercise capacity. These children can attain normal or near normal values for  VO 2 max. 1, 22 A number of haemodynamic abnormalities to exercise have been documented. The increase of cardiac output during exercise may be smaller than normal. Maximal HR response has been found to be lower than normal. In those who underwent surgical closure of the ASD, the age at surgery has been shown to influence exercise performance. In a consecutive series of 50 patients with ASD or ventricular septum defect evaluated in our laboratory, the ventilatory anaerobic threshold (as an estimate of aerobic exercise performance) was at the lower limit of normal (89 ± 14.4% of normal). 23 When studying the exercise response in children who underwent surgical closure of an ASD, a normal value was found in children who underwent surgery before five years of age, whereas a significantly lower value was found in children operated on after that age. 24 In general, abnormalities detected in children either with unoperated or surgically closed ASD are usually minor and do not result in major limitations in exercise performance. Unless arrhythmia is a complication, these children should be encouraged to perform physical exercise and to participate in all sports at all levels. Exercise testing is generally indicated if symptoms of arrhythmia or dyspnoea on exercise are reported.
Ventricular septal defect
A small ventricular septal defect (VSD) will transmit only a small amount of blood from the left to the right side of the heart. Also during exercise, the shunt will remain small. Haemodynamic studies in this patient group showed that during graded exercise, patients with a VSD had a higher pulmonary circulation than systemic circulation, as could be expected. However, the relative shunt fraction decreased with increasing exercise intensity. 25 Subnormal values for cardiac output were found in this patient group. Studies during submaximal exercise testing, using gas exchange measurements, showed suboptimal values for ventilatory anaerobic threshold in a consecutive series of 43 patients with an unoperated VSD, evaluated in our laboratory. This value averaged 90 ± 15.3% of normal and was below the lower limit of the 95% confidence interval. 23 In this patient group, the decreased level of exercise capacity was correlated with decreased habitual PA. Finally, in a group of 18 patients who underwent surgical closure of a large VSD with pulmonary hypertension before age one year, the value for aerobic exercise performance was at the lower limit of normal (92 ± 17% of normal). 26 In a retrospective study about quality of life, Meijboom et al. 27 reported a normal exercise capacity in 84% of the patient group who underwent surgical closure of a VSD (n = 109). Also Binkhorst et al. 28 reported that children with patent or surgically closed VSDs have a normal exercise capacity, despite a mild chronotropic limitation in the latter. This shows that surgical correction of a congenital heart defect early in life can normalize the child's exercise performance.
Patent ductus arteriosus
Similarly, in patients with patent ductus arteriosus, results of exercise testing will generally be normal if the size of the shunt is moderate or small. These subjects will ordinarily be asymptomatic. In most conditions, these defects will be closed surgically or percutaneously, at an age when exercise testing is not feasible. Exercise testing will add little to the routine clinical evaluation of these patients. 1
Valvular heart lesions

Aortic stenosis
Exercise testing in patients with aortic stenosis may show ST segment changes on the ECG, reflecting ischaemia, a drop in blood pressure, or an inadequate rise in blood pressure with increasing exercise intensity and eventually arrhythmia during exercise testing. The major haemodynamic determinant of ST segment changes during exercise is the inadequate oxygen delivery to the left ventricle. After relief of the gradient by surgery or balloon dilation, improvement of ST segment changes on the ECG during exercise has been reported. 29 A critical aortic stenosis can be identified by clinical findings and confirmed by echo-Doppler examination and eventually by cardiac catheterization.
During exercise testing, most of the patients show a reduced aerobic exercise performance which may be improved after surgery. 29 This may be related both to the inability of the cardiac output to increase adequately during exercise and also due to the effect of a medically imposed restriction of heavy PA and competitive sports. Sudden cardiac death (SCD) during exercise has been reported and has been ascribed to malignant arrhythmias. Fortunately, this is unlikely to happen in asymptomatic patients who present with mild to moderate stenosis. 22 In our experience, SCD has never occurred in follow up in over 200 patients with mild to moderate aortic stenosis (Doppler gradient < 60 mmHg). It allows them to perform up to moderate exercise, including recreational sports.
Pulmonary valve stenosis
Similarly to aortic stenosis, pulmonary valve stenosis results in a right ventricular overload. This may lead to a diminished pulmonary flow. In mild cases (gradients < 30 mmHg) normal or near normal values for ventilatory threshold have been found. 30 During exercise the transvalvular pressure gradient in pulmonary stenosis may increase during graded exercise testing. 1 In mild cases (gradients < 30 mmHg), values for ventilatory anaerobic threshold have been found to be at the lower limit of normal. 30 In cases with moderate to severe pulmonary stenosis, right ventricular pressures may rise considerably during exercise, which may limit exercise capacity. 31 In patients with mild to moderate pulmonary stenosis (Doppler > 50 mmHg), relief of the stenosis results in an improvement of exercise tolerance. However, exercise performance may be limited in cases with severe pulmonary incompetence.
Cyanotic heart disease
Tetralogy of Fallot
Children who have undergone surgical repair of Tetralogy of Fallot (ToF), and who are felt postoperatively to have good results (no residual VSD and a pressure gradient between right ventricle and pulmonary artery below 20 mmHg), are generally asymptomatic at rest. However, a variety of abnormalities may be brought out by intensive exercise. 32 These include a high right ventricular pressure with values as high as 100 mmHg during maximal exercise, caused by a pressure gradient between right ventricle and pulmonary artery, a blunted increase in SV and HR, and the appearance of ventricular arrhythmias.
Despite these abnormalities, children who underwent total surgical repair for ToF are usually well during daily life. However, formal exercise testing has repeatedly shown subnormal values for  VO 2 max and also for ventilatory anaerobic threshold in this patient group. 15, 33, 34 Moreover, some individuals may reach normal values. Furthermore, after training, patients with this type of pathology can significantly increase maximal exercise capacity. 35 When the adequacy of the oxygen transport during exercise in patients with ToF repair was assessed by calculation of the slope of  VO 2 vs exercise intensity, reduced values have been found in patients after repair of ToF. 21 This was associated with increased values for the physiological dead space ventilation during exercise or the slope of V . E vs  VCO 2 . 36 This is mostly attributed to significant residual haemodynamic abnormalities, such as severe pulmonary regurgitation and right ventricular dysfunction.
Postoperative ToF patients may have ventricular ectopy during exercise (exercise-induced arrhythmia). Exercise-induced ventricular arrhythmias are mainly seen in patients with late repair and poor right ventricular function. 37 Patients with important residual haemodynamic abnormalities such as those previously mentioned are at risk for cardiovascular events. 20 
Transposition of the great arteries
In simple transposition of the great arteries (TGA), the aorta arises from the right ventricle, while the pulmonary artery originates from the left ventricle. This results in severe cyanosis, as desaturated systemic venous blood is pumped in the systemic circulation, while the pulmonary venous return is pumped via left atrium and left ventricle in the lungs. Since this blood is already fully oxygenated, no more oxygen will be added to the blood.
The surgical approach to TGA from the late 1960s to early 1980s involved baffling or rerouting the systemic venous return (from the superior and inferior vena cava) to the mitral valve and left ventricle (atrial switch procedures, also referred to as Mustard or Senning procedure). Exercise testing following the atrial switch procedures has shown a variety of abnormalities even in patients who were asymptomatic at rest. 15, 29, 38 Also a variety of arrhythmias have been documented during exercise testing (junctional rhythm, premature atrial contractions, premature ventricular contractions).
Currently the arterial switch operation is the preferred surgical technique for transposition of the great arteries. Normal or nearnormal values for exercise performance and normal ST on ECG have been reported in this patient group. 39, 40 With earlier techniques coronary problems early and late after surgery were common. Improved surgical techniques appear to have resolved these problems.
Fontan circulation
In tricuspid atresia, there is a congenital absence of the tricuspid valve. In a Fontan circulation the caval veins are currently connected directly on the pulmonary arteries, bypassing the right heart. This means that there is no effective right heart pump. Although the survival and also exercise performance of these patients improve dramatically, most of these subjects still have a limited exercise tolerance. [41] [42] [43] The circulatory output after Fontan is primordially regulated by the pulmonary vasculature, which limits ventricular preload. The ventricule usually 'will pump whatever it gets' . Therefore, in the healthy Fontan patient, it may be the absence of a sub-pulmonary pump that limits normal increases in pulmonary pressures, trans-pulmonary flow requirements, and cardiac output that are required during exercise. 44 The HR response is usually blunted in patients with Fontan circulation, and due to this, the term chronotropic incompetence is frequently incorrectly used. Using this definition depends on the comparison between patients and normal subjects regarding chronotropic incompetence: as a proportion of maximal exercise capacity, or in absolute values. Fontan patients have the reputation of having chronotropic impairment when HR is expressed relative to maximal normal value, but in absolute values they are even faster than controls. The term 'incompetence' suggests that increasing the HR would improve exercise tolerance; not only is this incorrect, but it is also dangerous. Heart rate response to exercise is indeed impaired in Fontan patients in comparison to healthy controls, but it is appropriate for the level of ventricular preload. A very fast HR with a limited preload would result in a decreased SV with hypotension, syncope, and eventually death. The lower oxygen saturation in the arterial blood sometimes seen in Fontan patients during exercise rather may be due to residual venous or atrial shunting. 45 Fontan patients have a decline of exercise tolerance with increasing pulmonary vascular resistance and increasing ventricular end diastolic pressure; this downward slope may be slowed by regular exercise and may be very important for prolonging the favourable haemodynamic result in these patients. This is especially so as the pulmonary circulation in current Fontan circuits is characterized by absent pulsatility and limited increase in regular flow and pressure; this may result in increasing pulmonary vascular resistance.
Rhythm disturbances and conduction defects
Congenital complete atrioventricular block
In congenital complete atrioventricular block, the atrial rate increases normally during exercise, but ventricular rate does not accelerate adequately. In some cases, these patients may develop dizziness and syncope. Exercise testing in these patients shows subnormal values for peak  VO 2 or ventilatory anaerobic threshold and even for the increase of  VO 2 versus exercise intensity. 46 This results from the lack of acceleration of HR during exercise, one of the major components in increasing cardiac output and therefore oxygen delivery to the exercising tissues. In some cases with severe bradycardia and syncope, a pacemaker is inserted. These children should avoid competitive sports and physical activities where there is a danger of body collision as the wiring system that connects the pacemaker with the heart is easily damaged.
In the paediatric population, the frequency and significance of arrhythmia differs from adults. 46 As a general rule, the assessment of cardiac arrhythmia during exercise is useful in the management of these patients. If arrhythmia disappears with increasing exercise intensity, the prognosis of this type of arrhythmia is usually benign.
Congenital complete atrioventricular block after surgery
The anatomic structure of the sinus node is vulnerable to damage following cardiac surgery. Damage of the sinus node has been observed after surgical procedures that require extensive manipulations and sutures in the atria. Specific defects include D-transposition of the great arteries, repaired by atrial baffling procedures. 47 Fortunately, surgically acquired complete atrioventricular block is relatively uncommon, even with extensive surgery in the atria (e.g. D-transposition of the great arteries). In surgically acquired atrioventricular block there is usually no escape rhythm. Safety pacing is recommended. 48 Habitual physical activity in children with congenital heart disease Different methods have been applied in assessing the daily level of PA in paediatric patients. Physical activity can be assessed by selfreport or objective measures. However, PA is difficult to assess and interpret, because no method is completely accurate. 49 (Interested readers are referred to Chapter 21 where PA assessment is extensively reviewed). However, despite their shortcomings, PA assessments are of value in children and adolescents with congenital heart disease. They can provide complementary information to exercise testing, which is useful in the interpretation of the exercise test results and in the formulation of PA advice to the patient.
It has been reported that children with congenital heart disease have reduced levels of PA when compared to healthy children and have PA levels below what is recommended. [50] [51] [52] However, results are conflicting in relation to PA. 53 Low levels of PA may be lifestylerelated in part, because patients with congenital heart disease have a potential to improve their physical fitness by PA similar to that of their healthy peers. Indeed, a relation between PA and exercise capacity also exists in children with congenital heart disease. 54 Natural evolution of aerobic exercise performance and daily level of physical activity in children with congenital heart disease It is a normal evolution to see the exercise capacity change during life. However, data regarding the progression of exercise intolerance with age in patients with congenital heart disease are scarce. Nevertheless, it is possible that the first signs of an impaired heart function are demonstrated by an exercise capacity that decreases faster than normal. 55 To study the natural evolution of aerobic exercise performance during medium-term follow-up in patients with congenital heart disease, exercise performance tests were compared in patients who underwent exercise testing at least twice with a time interval of about three years. In our laboratory, serial exercise testing documented that cardiovascular exercise performance declines progressively in children with medically imposed restriction of intensive PA, such as aortic stenosis and in children with residual hemodynamic lesions. In the other patient groups we investigated, which were unoperated ventricular septal defect, pulmonary stenosis, and surgically closed ventricular septal defect, exercise performance remained stable during medium-term follow-up. 30 Moreover, the results of this study showed that at the initial evaluation all patients were in class I of the New York Heart Association (NYHA). At reassessment, about three years later, all patients remained in NYHA class I, except for two patients with a Fontan circulation, who belonged to class II and III at re-evaluation. 30 The daily level of PA, assessed by a standardized questionnaire, was significantly lower both at the first and second evaluation in patients with aortic stenosis, surgical repair of Tetralogy of Fallot, and Fontan repair, compared to the other patient groups. These subnormal values for the daily PA level were associated with a significant decrease of aerobic exercise function at re-assessment. 30 We also performed a first longitudinal study in children and adolescents with atrial switch operation and concluded that in the overall group, the exercise performance remained stable during a follow-up of 3.5 ± 2 years, but that in individual patients, a decreasing exercise capacity was correlated with the development of haemodynamic lesions. 56 In a later study only investigating patients with Senning repair for complete transposition of the great arteries, we demonstrated that peak  VO 2 and peak oxygen pulse decreased faster with age than in healthy controls. This decline is most obvious during childhood and adolescence, and in female patients, when compared to young adults. In Figure 29 .3, the decline in peak  VO 2 as a percentage of predicted values is plotted for children and adolescents with various congenital heart defects. The fact that the progressive decline is most obvious during childhood and adolescence suggests the impossibility to increase SV to the same extent as healthy peers during growth. 57 Moreover, a faster decline in peak oxygen pulse was related to a decrease in right ventricular contractility in this patient group. 57 Fernandes et al. 58 found similar results in patients with a Fontan circulation in which a decline was particularly present in patients younger than 18 years; in adults this decline of exercise capacity tended to be similar to that of a normal population. Also Giardini et al. 59 showed a faster decline in exercise capacity compared to healthy controls in patients with a Fontan circulation, and this decline was stronger in patients with a morphologic right ventricle.
These data show the combined effect of the heart defect, the residual haemodynamic lesions, and hypoactivity on the evaluation of aerobic exercise performance in these groups of patients. In children and adolescents with aortic stenosis, significantly lower values for aerobic exercise performance were found both at first and second assessment. Similar data have been reported by Driscoll et al. 60 The results of these studies show that the suboptimal aerobic exercise performance in children and adolescents with congenital heart disease are to some extent attributable to residual haemodynamic lesions after corrective surgery of the defect, and also to some degree of hypoactivity resulting from overprotection of the parents and the environment. However, in some patients there may also be an increase of the severity of the disease, which may prevent the individual from performing the same amount of physical exercise as their healthy peers. Therefore, except for some cases with severe disease progression and/ or medically imposed restriction of intensive dynamic or static physical exercise, children and adolescents with congenital heart disease and their parents should be strongly encouraged to be more active, and to prevent the deleterious effect of physical deconditioning.
Exercise recommendations and rehabilitation of children with congenital heart disease
Nowadays most children with congenital heart disease are encouraged to be fully active and to participate in all recreational sport activities, even after corrective surgery. These recommendations are based on clinical findings that have shown that physical exercise in children with congenital heart disease has beneficial effects on physical, psychological, and social levels of both children and their parents/ carers. In the majority of cases these children do not need to participate in a formal rehabilitation programme, but they should be encouraged to participate in recreational physical activities in leisure time and at school. Even after corrective surgery, a formal rehabilitation programme is mostly restricted to the hospitalization period and consists mainly of chest physiotherapy (breathing exercises) and early mobilization. As soon as the children are discharged from the hospital, they are encouraged to resume their normal physical activities at home. Unfortunately, despite this encouragement, many of these children are often (inappropriately) considered to be very fragile, resulting in overprotective behaviour from parents, and greater restriction from sports activities than is necessary. Unfortunately, greater inactivity and consequent deconditioning usually follow. With this in mind, performing regular physical exercise may be challenging for children with congenital heart disease, and encouraging an active lifestyle in paramount. 52, 61, 62 A more formal paediatric cardiac rehabilitation programme might partially reverse the effects of physical inactivity and deconditioning, thereby improving exercise function. Controlled and clinical exercise studies in patients with congenital heart disease have shown that maximal exercise capacity can be improved following a period of physical training. 35 However,  VO 2 max did not improve in all studied subjects. The improvement of maximal exercise performance (assessed during cycle ergometry) without an increase in peak  VO 2 represents an improved mechanical efficiency during exercise. This may be beneficial for the patients, since the same level of exercise will be perceived as easier to perform and will induce less dyspnoea. 35 Next to the benefit of an increased exercise and functional capacity, an exercise programme might also induce favourable benefits on the social level. It allows children with congenital heart disease to initiate exercise in a safe environment. An exercise programme might thus increase both parents' and children's level of confidence with regard to exercise; quite often there is also a positive affect regarding social interaction behaviours and wellbeing of the children. Indeed, playing or being active together with healthy peers may also help reduce children's feelings of being 'different' .
In the majority of cases of congenital heart disease there are only a few contraindications for physical exercise for both operated and non-operated cardiac defects. 37 Cumulative medical experience has shown that the potential risk of physical exercise in patients with congenital heart disease is very low. 35 In fact, only a few heart defects have been associated with sudden cardiac death during sports participation, which are mainly hypertrophic cardiomyopathy, severe aortic stenosis, congenital anomalies of the coronary arteries, Marfan's syndrome, and myocarditis. Fortunately, these anomalies represent only a small percentage of the total number of congenital heart defects in which sport participation is allowed. Since children, especially those who perform competitive sports, may be exposed to high levels of physiological stress, specific and detailed recommendations have been formulated for children with congenital heart disease. 22, 37, 63 These recommendations can be used for counselling children and adolescents with congenital heart disease. Table 29 .1 provides an overview of conditions requiring restrictions of heavy physical exercise and competitive sports, including moderate to severe aortic stenosis, left to right shunts with pulmonary hypertension, hypertrophic cardiomyopathy, pulmonary hypertension, and arrhythmia that worsens during exercise. 22, 37, 63, 64 However, the final decision to allow the child with congenital heart disease to participate in physical exercise should always be based on a full cardiological examination. Regardless, as a general rule, cardiopulmonary exercise testing is advised in children with congenital heart defects before participation in sports activities is allowed. 
Conclusions
As a large proportion of patients with congenital heart disease are in the care of paediatric specialists, exercise testing equipment and exercise protocols have to be adapted for children. Functional performance should be assessed by performing exercise testing with measurement of gas exchange. In some groups of patients with congenital heart disease, suboptimal values have been found for aerobic exercise capacity. These values can be ascribed to haemodynamic dysfunction or residual haemodynamic lesions after surgery (e.g. in transposition of the great arteries, Tetralogy of Fallot, Fontan repair for univentricular heart). In other types of pathologies, medically imposed restriction of intensive physical exercise or competitive sports may determine to some extent a subnormal value of exercise performance. Finally, in some other types of congenital heart disease without overt haemodynamic dysfunction (e.g. ventricular septal defect or atrial septal defect, with normal pressures in the pulmonary circulation) a suboptimal value for aerobic exercise capacity is often related to reduced levels of PA in daily life. Exercise interventions to increase PA have been shown to generally be safe and beneficial in increasing exercise capacity in children with congenital heart disease, although further research in this area is necessary. Therefore, except for some cases with medically imposed restriction of intensive physical exercise, most patients are encouraged to be fully active during leisure time and to participate in all types of physical exercise at school.
Summary
◆ In children with congenital heart disease, maximal exercise testing is frequently performed to measure cardiorespiratory function and to assess abnormalities of cardiac rhythm.
◆ Both maximal and submaximal exercise parameters need to be taken into account in order to evaluate the child's clinical and physical condition.
◆ A reduced exercise capacity is common in children with congenital heart disease. This relates not only to the cardiac condition, but often also to a low level of physical activity in daily life.
◆ Serial exercise testing is particularly useful in children with congenital heart disease as it is possible that the first signs of an impaired heart function are demonstrated by an exercise capacity that decreases faster than normal.
◆ Exercise training interventions to increase physical activity have been shown to generally be safe and beneficial in increasing exercise capacity in children with congenital heart disease.
◆ Except for some cases with medically imposed restriction of intensive physical exercise, most patients are encouraged to be fully active during leisure time and to participate in all types of physical exercise at school.
◆ The final decision to allow the child with congenital heart disease to participate in physical exercise should always be based on a full cardiological examination along with cardiopulmonary exercise testing.
